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I. SUMMARY

The mixing of a subsonic, ono-centlmeter-

dlaamter argon arcJet with a coaxlal flow of cold hellum

in a 3-1nch-dlalmter duct has been studied vlsually by

schlleran photography and quantitatively by use of a

0o075-1nah-dlamoter calorimetric and sampling probe. .

Measuzemon_ of enthalpy, velocity and composition of the

LtLtng f_eld taro nado at a pressure of 1 atmosphere for //

a l_minar ar_ _et having a mass flow of 0.32 gin/sac, an

exlt-plane peak temperature of 20,000OR, and an exlt-plane

peak velocity of 550 ft/sec. The effects of cold coaxial

hellum flow velocities of 0, 0.27 and 2.7 ft/sec on Jet

mixing oharacterlstics were studied, as well as the effect

on the flow field of varying the argon Jet flow from 0.2

to 1,4 grams per second at a fixed coaxial hellum velocity

of 0.27 ft/sec.

The data obtained for the coaxial hellum flow.

experIMnts were correlated with experimental and theoretical

investigations for s free argon arcJet at similar Initial

conditions, mixing with stagnant helium at 1 atmosphere.

The results are in excellent agree_nt over the regi_ of

laitnaz '£2.0v investigated. The principal affect of the

eontrolled du_tod flow was to hasten mixing by causing

earlier transition of the arcJet to turbulent flow. The

dominant mixing process for both the free and ducted Jets

/

/
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was found to be the inflow of the coaxial gas into the

hot argon Jet, the effects of radiation and recombination

being negligible. Thls reaults from the high specific

heat and high diffusion coefficients of helium at arc Jet

temperatures. In cases where turbulence is present, the

dominant mixing process is 8till the inflow of the coaxial

gas w although the rate of this inflow is substantially

enhanced by the turbulence. The centerline Jet enthalpy

was fo_Id to be almost independent of mixing characteristics_

that is, it was not affected by the wide extremes of Jet

centerline temperature, velocity, and composition, or by

the variation of the location of the transition point for

the various flow conditions. It was also found that in

the cases where the coaxial flow was able to supply ade-

quate amounts of helium w the duct had no measurable effect

on the flow field.

The experiments with variable argon mass flows

showed that at increased argon mass flows the rate of

._xing of the jet was retarded, a phenomenon commonly

observed in other types of Jets.

An extension of existing free-Jet laminar-flow

,beetle8 was made to include coaxial gas velocities up to

I000 ft/sec. The results showed that even at high coaxial

flows, (up to 1,000 ft/seo), the dominant _mixing process

was still the inflow of the c0axial gas. Several runs

were made with no duct using a coaxial nitrogen flow of

200 ft/sec to verify the theoretical predictions.
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II, INTRODUCTION

A, Purpose

The purpose of the investigation was to deter-

mine the mixing and heat transfer characteristics of a

hot0 high-aolecular-weight, partially ionized gas into

an annular flow of a surrounding cool, low-molecular-weight

gas, Og interest were radial and axial profiles of tempera-

ture, veloult¥ and uo_positlon, the effect of the coaxial

flow on tEansltion, and the effect of heat-release due to

radiation and ion recombination in the inner Jet,

In addition, the range of applicability of

Sherman's free-jet laminar mixing theory I was to be

determined, and its extension to the coaxial-flow case

was to be made,

B, Background

The interaction of a high temperature, partially-

ionized gas Jet with a low-temperature gaseous envlronment

18 of importance in several advanced propulsion concegts.

One of the possible applications is the coaxial-flow

gaseous-core nuclear rocket 2'3'4 in which energy must be

transfer/ed from a low-velooityw ionlzed-fuel plasma to _.
L

a hi_ll1-_1_ity, low-_olecular-weight propellant gas with

lltt_e mixing of the two gas streams to minimize fuel losses,

Performance of thl8 powerplant is governed by the energy-

exchange process between the ionized fuel atoms and the
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propellant gas, while the mixing p_cene determines the

fuel loss and thus the operating performance and cost

of the device.

Another application 18 that of providing short-

term high thrust .levels in low thrust, high-speciflc

impulse systems such as thermal arcJets. This can be

done by diluting the hlgh-energ_ Jet with cold propellant,

the_by red_ing the exhaust veiocity but increasing the

thrust. The performance in such a device depends on the

mixing of the cold and hot coaxial gas streams.

A third applloation 18 the film coollng of

chambers for extreme-energy propulsion systems such as

the gaseo_ core concept discusse d previously, or some

form of magnetohydrodynamlc accelerator using high-

temperature ionised gases. _urther, the nature of the

decay of such Jets 18 a fundamental consideration in

hlgh-temperature flow facilities such as hyperthermal

wind tunnels, arc tunnels, .etc.

C. History

The three principal lines of analytical attack

on the ooaxlal jet mixing problem ares

(1) Polnt-source diffusion of momantum, materlalt

and temperature. This method is valid only at distances

downstream from the point of initial mixing which are

large compared to the initial Jet radius. Thus the range

of applicability oE this approach is greatly limited, and
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adequate information about early mixing is not available°

(2) Boundary-layer approximation of the

Navier-Stoke8 equatlons, into which are inserted various

transport theories.

(3) Integral equations of motion.

The ease of coaxial, turbulent, low-temperature

_ot8 has been tEeatod by SquIEe and Trouncer 5 Jacobs 6

has oa_ended the _airo m"Ld Trounoer solutions to flows

at very high temperatures, where partial ionization has

occurred. The principal problem in analyzing turbulent

flows by use of the NavieE-Stokes equations is the deter-

mlnatlon of the transport properties. Pal 7 by using

!
simplifying assumptions has solved the isothermal case in

which the compositions of both Jets are identical. Lakkay,

Krause, and Woo 8 have used an inverse solution of the

Navier-Stokes equations to determine turbulent transport

properties from experimentally-determined profiles where

no chemloal; dissociation, or ionization reactions are

taking place.

For laminar coaxial flows, solution of the Navler-

St.oka8 _imttl_e h_l been t:he meet fretful method.

FollowLng Pales tz_e_nt of the Isotho_l_oaseTw Squire 9

solved the Navler-Stokes equations exactly for the hot

Jet with no chemical or ionisation reactions taking place.

Theproblem was extended by Marble and Adamson 19 and Cheng

and Kovltz 11 to include cheuically reacting flows.



The introduction of ionization reactions

greatly complicates the problemo Not only is the energy

equation modified by the addition of a chemical production

term, but the transport properties must be determined

for an ionized gas° Using the boundary layer approxima-

tion of the Navier-Stokes equations, and an extension of

the Chapman-Enskog method for the calculation of transport

properties, Sherman I analyzed the case of a hot, laminar,

partially-ionlzed Jet exhausting into a cool stagnant

atmosphere.

With regard to experimental studies between

the years 1935 and 1948 several investigations of an

axisymmetric jet exhausting into a stagnant atmosphere

were made° The most comprehensive of these Was by Hinze

and Zijnen 12, .who investigated material, momentum: and

heat transfer° In 1949 Forstall and Shapiro 13 investi-

gated the case of isothermal coaxial flows in order to

verify the theoretical work of Squire and Trouncer.

Subsequent experimental investigations of coaxial jet :_

mixing, including some degree of temperature variation

between identical coaxial gases, were performed by P!tkin 14,

John 15, and Willis 16

J

The development of the arc plasma generator

provided the ability to obtain high temperature central

jets in which ionization, dissociation, and radiation
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effects may be important. Jacobs and Grey 17 investi-

gated the turbulent mixing of a partially ionized gas

with a cool coaxial flow. At the high jet temperatures

available, the density is low and the viscosity is high,

and thus the Reynolds number can be quite low. Under

certain conditions, it was found possible to obtain

laminar flow. Sherman's experiment on a partially-ionized

laminar Jet exhausting into a cool stagnant atmosphere

wae used to evaluate his analytical studies with a fair

degree of success.

The present work reevaluates some of Sherman's

experimental results and extends the work to the case of

a partially-ionized initially laminar jet exhausting into

a coaxial flow of cool gas.

\
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III. DESCRIPTION OF TEST PROGRAM

A. Apparatus

The entire experimental apparatus is dia-

grammed in Figure 1. It consists of a plasma generator

mounted so as to eject a partly-ionized gas jet horizontally

into a test chamber, the test chamber itself forming part

of a 1,000-gallon tank. For the purposes of these tests,

a series of ducts could be mounted which permitted the

injection of a coaxial flow of cool gas concentric with

the plasma Jet axis_ Instrumenta_ion consisted of a

schlieren system for visual studies, a calorimetric probe 18

and drive systems suitable for pressure, composition and

enthalpy mapping of the entire duct interior, and mis-

cellaneous instrumentation related to the arc generator

and duct. Details of each major component are described

in the ensuing p_ragraphs.

i. Plasma Generator

The _._-_tia! ,,_-,,al.____tudies were made with a

Plasmaflame Model F-80 arcjet manufactured by Thermal

Dynamics, Inc. (Figure 2). This generator was available

at Prlnceton, and for the purpose of these tests utilized

a 3/S'-diameter stralght-bore water-cooled nozzle, whose

exterior was tapered so as to provide smooth-entry mixing

with the annular light-gas flow (Figure 3).
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The torch was powered by a marine diesel gen-

erator driving four Westinghouse RA-2 rectifiers, one

of which was provided with remote current adjustment,

having a total DC capacity (after power factor and lead

losses) of approximately 75 kw. A water-cooled, copper-

tipped prod was used for torch starting, and operation

was controlled from a modified Thermal Dynamics console.

The torch, nozzle and leads were cooled with 300 psi

water from a Pesco gear pump. Calorimetric measurement

of the rate of heat extraction from the torch by the

coolant was available.

As described below, it was later found visually

that the laminar jet obtained with the Thermal Dynamics

torch was too unstable for probe profile measurements.

Therefore, a new plasma generator was obtained. This

new generator (Figure 4), manufactured by Create, Inc.,

was adaptable to the existing power supply, ducts, and

test chamber. Its principal advantages were (a) micro-

meter adjustment of radial and axial cathode position,

and (b) a sectioned straight-tube nozzle consisting of

a series of thin insulated segments, one of which could

be grounded so that the anode arc contact point could be

preselected and maintained. This generator provided

excellent laminar stability under nearly all operating

conditions, and was used to collect the probe test data

described later.
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An adapter and light-gas injection plate

compatible with the duct were designed and installed for

this generator (Figure 5). The injection plate, which

covered the entire duct inlet, was uniformly drilled

with small holes to provide approximately uniform flow

of the light gas.

The test gases used were argon for the hot

gas and helium for the cool gas. Several test runs were

also made using nitrogen for the cool gas for reasons

to be discussed later.

2, Duct and Test Section

The test section consisted of a rectangular

paralleleplped 18" square by 3 feet long, opening into

a 1,000-gallon commercial gasoline tank internally braced

for vacuum operation (see Figure 6). The test section

was equipped with quartz windows for viewing either the

open plasmaJet exhaust or the duct. The plasma generator

and duct were mounted on opposite sides of the test section

endplate, as shown in Figure 6, with the duct fully con-

tained within the test section, Two conventional mechanical

vaoutlmp_s connected to the tank could provide test

section pressures down to about I" Hg absolute. The tank

pressure was prevented from exceeding one atmosphere

(absolute) by a large flapper. A telescope mounted in the

far end of the tank, opposite the duct and arcjet, provided

capability for velwing the interior of the arc chamber

during operation.



Three different ducts were used for this test

program. A cylindrical Vycor duct (Figure 7) was first

constructed to provide visual indication of the nature

of the jet mixing region. Although this was suitable

for direct viewing, the curvature of the Vycor precluded

the use of schlieren photography. Consequently, a metal

duct of square cross-section having approximately the

same dimensions (3") and fitted with flat quartz windows

(Figure 8) was used for photographic _nrding of the

miming region, as will be described later. Correlation

between flows in the two ducts is also described later.

Detailed flow-parameter surveys were made in

a brass calorimetric duct (Figure 9) designed to provide

two-dimensional coverage of the entire duct interior by

the calorimetric probe. This duct was water-cooled, per-

mitting measurement of the overall heat transfer to the

duct walls.

3. Instrumentation

The two unique items of instrumentation required

for the subject program were the schlieren system and the

calorimstria probe. Other more or less standard items,

which included those necessary for measurements of arcJet

power, gas flow rates,tank pressures0 etc., are not

described in detail here.

(a) Schlieren System

In order to establish the general nature



of the flow within the duct (i.e., length of laminar

core, location of transition, structure and stability

of the laminar core flow, etc.), the schlieren system

of Figure i0 was used, together with the flat-sided

duct of Figure °o. The system was of standard design,

employing parabolic mirrors instead of lenses in order

to gain llght-path length, and utilizing a BH-6 micro-

second spark source with an open-shutter camera in order

to obtain sufficient illumination to provide transparency

of the intensely luminous arejet.

The system yielded good schlieren photographs

when the hot argon jet issued into cold nitrogen. The

quality was barely adequate, however, when the jet was

cooled by helium, since the density of the hot argon was

sufficiently close to that of the coaxial he!i_ so that

the density gradients were at the limits of the systems

resolution.

(b) Calorimetric Probe

The calorimetric probe is an instrument

which measures enthalpy, stagnation pressure, and composi-

tion of gasea at temperatures up to at least 25,000eF,

It has been used for some time in arcJet diagnosis, and

18-21
since it has been described in detail elsewhere , only

its general nature is outlined here.

The probe configuration and its associated

instrumentation are diagrammed in Figures Ii and 12,



respectively. The construction of the probe itself is

of copper, with _ brass base. Cooling wnter from a high-

pressure source (up to 1,000 psi) enters through the

mounting block, passes through the outer channel to the

tip, and leaves via the inner channel. Sheathed,

ungrounded thermocouple junctions are located where the

probe cooling water flow enters and leaves the sampling

tube. A steady flow of sample gas can be drawn by a

vacuum pump from the probe tip through the central tube

past a ther_locouple junction located in the tube, and

then through the support shaft to valving and instrumen-

tation.

The flow of the hot sample gas in the central

tube causes the probe cooling water to rise in temperature

a greater amount than when the gas sample _low is not

permitted to flow through the tube. A flowmeter measures

the probe coolant flow and a critical orifice measures

the gas flow. These measurements are sufficient to compute

the enthalpy of the gas sample at the point where it

enters the probe.

The composition of the two, component gas sample

is determined by measuring its thermal conductivity in a

carefully calibrated commercial cell, and stagnation

pressure is measured when the gas sample is not flowing

by simply diverting, through appropriate valvlng, the gas



sample llne from the vacuum pump to a water manometer.

Enthalpy can be converted to temperature, once the gas

composition is known, from an equilibrium theory such

as the Saha equation. The measured stagnation pressure

is converted to velocity using the Bernoulli equation,

since the gas Mach number is less than 0.i (See Appendix B).

The sensitivity and calibration of the probe

under similar experimental conditions have been described

elsewhere2Oo In previous work, energy and mass balances

showed that the probe's accuracy (standard deviation from

the mean) was about 3 per cent 13.

B. Conduct of Tests

1. Visual Studies

The visual studies were undertaken with

the dual objective of (a) establishing the general character

of the jet mixing as a guide to the ensuing probe measure-

ments, and (b) establishing that the jet was sufficiently

stable and uniform that worthwhile and reproducible probe

data could be obtained. Findings in accordance with this

latter objective resulted in postponing the probe measure-

ments until the new Create plasma generator could be

Installed, as was described previously. The majority of

the visual experiments were made with the Thermal Dynamics

torch, and although the flame was not sufficiently steady

for detailed probing, it was satisfactory from the stand-

point of establishing the general nature of the flow.
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The first se_-ies of visual studies was

nu_de in the round Vycor duct, and data were obtained using

both helium and nitrogen as the coaxial gas. The conduct

of the experiments was generally the same for both gases.

The test chamber and the 1000-gallon exhaust tank were

evacuated to about 1/5 atmosphere, since it was found

experimentally that longer laminar flames, and thus greater

flame length differences, could be obtained at reduced

pressure, It was believed that this would not invalidate

the visual data, since the purpose of the visual study was

only to establish trends to be later verified by probe

measurements at one atmosphere.

once the proper test chamber pressure was

established, the plasma generator was started and adjusted

to produce as long a laminar flame as possible. Most of

these tests were run with an argon flow of about i00 SCFH

at a net plasma generator power of about 19 kw.

With the arcjet thus adjusted, observations

were made of the character of the Jet for different coaxial

gas velocities. The typical observation procedure was to

fizst observe the flame with no coaxial gas flow, and

reuord the full length of the laminar portion of the Jet.

The coaxial flow was then initiated, and the new length

of the laminar portion of the jet was observed, together

with the flow rate of the coaxial gas. Observations were
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continued at increasingly higher coaxial flows until

the laminar Jet disappeared and turbulence was observed

at the nozzle exit plane.

These visual observations were made with

the aid of schlieren photography, to define as nearly

as possible the exact length of the laminar jet. Figure 13

is a schlieren photograph illustrating a typical laminar

arcJet and its transition to turbulence in a free en-

vironment. Figure 14 is a schlieren photograph of

lamlnar and turbulent Jets taken through the windows of

the square three-inch duct. Although the quality of

these latter photographs is not as good as for the free

Jet, the difference between laminar and turbulent flows

can be clearly distinguished. Note from Figure 14

that turbulence can exist right at the nozzle exit plane.

As stated previously, schlieren photographs

could not be taken through the round duct. The photo-

graphs taken in the square duct were t_ ,re,ore used to

confirm the round-duct visual observations. Data were

taken with both helium and nitrogen coaxial flows, in both

round and square ducts, and also with a free Jet in nitrogen.

2. Detailed Surveys

The probe measurements were conducted in

the calorimetric duct of Figure 9. Radial profile measure-

ments were taken, beginning at the exit plane and then
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moving downstream at quarter-inch intervals to the point

at which the jet had become fully turbulent and mixing

of the arcjet with the coaxial gas flow had been completed.

Profile data were taken under the following

initial conditions for the argon Jets

Plasma generator power

Argon Mass Flow Rate

Jet Temperature at ,_1ozzle Exit

Initial Jet Velocity

Coaxial Helium Velocity

A second series of runs was taken at an

axial station 1 inch downstream from the nozzle with a

coaxial helium flow of 0.27 ft/sec and a variable argon

flow between 0.24 and 1.34 gm/sec,

3. High Coaxial Velocity Surveys

The high velocity surveys were defined as

those cases in which the velocity of the coaxial gas was

of the same magnitude as the peak core gas velocity, For

economic reasons nitrogen was employed as the coaxial gas

for these tests, Due to the high nitrogen flow rates that

weze zequlzed, a modified version of the Plasmaflame Model

F-80 tormh using a segmented anode (Figures 15 and 16)

was used in conjunction with a newly-designed injection

plate (Figure 17). These tests were conducted without a

*Typical centerllne values. Profile data given later

provide exact initial condition.

14 kw

0.323 gm/sec

20,000"R

550 ft/sec

0,0.27 and 2.7 ft/sec
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duct using the calorimetric 9robe configuration shown

in Figure 18. Conduct of the tests was otherwise as

described previously.

Profile data were taken under the following

conditionss

Plasma generator power

Argon Mass Flow Rate

Average Coaxial Nitrogen Velocity

9 kw

.83 gm/sec

200 ft/sec

Radial surveys were taken 1/2", 3/4", i" and 1 1/2" down-

stream from the nozzle exit plane. In addition, cold-

flow profiles were taken 1/32", 3/8", 3/4", I 1/8" and

1 1/2" downstream of the nozzle.



IV. THEORETICAL STUDIES

The purpose of the theoretical study was to

determine if Sherman's laminar boundary layer theory was

applicable to the laminar region of the coaxial flow

problem. The iuunediate problem was to introduce the

experimental exit profiles of temperature, velocity and

composition into the theory.

Sherman's procedure was to take the fluid dynamic

equations of motion and nondimensionalize them using the

following dimensionless groups,

= Re
Reynolds Number "- .7 ,_[_

Prandtl Number = _,_ )o._-., = Pr

Schmldt Number = ,?._.:, '_o = Sc

Radiative to = ..A'_: "-_-,-/.a .......
Conductive Parameter _"_'¢_ = Rrad

The Yon MisBs transformation, which transforms

the spatial coordinate r to the stream function ..:: ,

is then performede and the equations are put into finite

dlffezemoe form, The resulting equations arez

Mammnt_ms
-- IJ L __
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Hellum Contlnultyz

i \ --_ _7> ,!

Ener_

t-r



i

E,nerqy ..(Contd),

i :

C._

i r



where the differences arez

' A

-

These equations can be solved numerically by

chooslng_'_'and__ for a given set of initial profiles

of T _), u (T} and X (_).

Sherman has shown that for a stable solution,

• _ _., - -_,,, _ ,_

Or ....-_

whiohever is more restrictiveo

In the above equations the properties T, u, X,

, u, D, and _. a=e ali functions of the stream function _ .

Thn_ 0 by _hoosing a _" which puts an upper limit on the

r_osen value of .-_. 0 the equations can be solved if the

above-mentloned properties are known as functions of _" .

The experimentally determined exit profiles yield the pro-

pertles as a function of radius, r. "_'...is defined by the
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Von Mises transform asz

',,5

Thuss
r

Jo

The Integral was evaluated using a three point

Weddle approximation on an I.B.M. 7094 digital computer. The

trunQatlon error was not evaluatedl instead, comparison of

the exit-plane theoretical profiles with the exit-plane

exPezi.mental profiles was used as a measure of accuracy.

The dlffeEence was at most 2%, and in most cases much less.

Evaluation of the integral gives _ as a function of r.

Th_ the desired qo_ntltiem T (T), u (_) and X (_) are

known, and _ (_),;_A(_), D (_) and _ (_) can be

computed,

The equations of motion were then integrated

nuJnerlcally on the 7094 computer. The results gave profiles
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of temperature, composition and velocity at chosen down-

stream _ositions. These profiles, along with experimental

profiles for the case of the jet exhausting into a stagnant

helium atmosphere, are shown in Figures 19 through 25.

For purposes of the theoretical computations the

experimental profiles 1/32" downstream of the nozzle exit

plane were used as the initial profiles required by the

computation technique. The agreement between theory and

experiment is discussed later.

The introduction of coaxial helium flows into

the analysis was accomplished by using the experimental

exit-plane profiles for no coaxial flow, but setting the

veloalty equal to a predetermined value when r > nozzle radius.

Repeating the above-described analytical procedure yielded

the desired downstream theoretical profiles. Figures 26

through 31 show theoretical profiles of temperature, velocity,

and composition for coaxial helium flows of 550 ft/sec and

I000 ft/sec.

It is conceivable that the experimentally-observed

domination of the mixing process by the helium inflow (see

later dlecuimlon} may have resulted from the very low

hellwa-_-argon veloalty ratiol that is, from the comparatively

long "stay time" of the hellum in the neighborhood of the

Jet. The rate of argon dispersion under conditions of

coaxial velocities is therefore of special interest.
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For these high coaxial gas velocities, the rate

of argon dispersion was determined by computing the argon

mass flow within the original jet area at downstream

positions and comparing it with the mass flow into the

plasma generator. The argon mass flow was computed by

the following procedures

Using the perfect gas laws

"- R7
whe re

N -kl ....i_4 • .,

thus

m

R _ 386,1/9,98 - 8,98 XH

The total mass flow at a radial point is:

The weight fraotlon of argon Ass '

: i i . i J i_ _-L
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The argon mass flow is then

The argon mass flow within the orlginal jet area at an

axial distance x becomess

_C

where T (r, x), u (r,x) and XH (r,x) for the theoretical

cases are given by the theoretical profiles, The integral

was evaluated numerically by hand, and results are discussed

later,



V. DISCUSSION OF RESULTS

A. Visual Studies

The quantitative results of the visual studies

are summarized in Figures 32 and 33, in which the length

of the laminar jet is plotted against Reynolds number and

velocity, respectively. The region of interest in these

figures was originally concentrated on axial locations

greater than six inches, because transition to turbulence

was not expected to occur much upstream of this location,

and the calorimetric probe, which was used to diagnose

_he jet in the region near the nozzle exit, is a more

reliable measurement, This was particularly true in the

case of coaxial helium flow, since the high luminosity

of the first few inches of the jet precludes precise visual

observations.

It is quite apparent from the visual results that

the laminar arcjet is very easily disturbed by the coaxlal

flow, with the lauminar jet being shortened to less than

six inches at coaxial velocities of only one foot per

second. Although some disturbance of the Jet by the coaxial

flow had been anticipatedw it had not been expected that

such small velocities would be so significant. This led

to closer investigation of the coaxial gas character, and

it was observed that the coaxial gas was introduced with

considerable initial turbulence, as shown in schlleren

photograph of Figure 34. The quantitative effect of this



initial turbulence on producing transition in the laminar

jet is discussed later-in connection with results of the

calorimetric probe measurements.

Bo Detailed Mapping of Flow Field

Verification of the general nature of the

visual study results, as well as quantitative mixing character-

istics, were established with the calorimetric probe,

covering the region from the nozzle exit plane to the

downstream point at which the initial jet had become fully

turbulent° Results are sun_arized in Figures 35 through

38, whiQh show Jet centerline values of temperature, velocity,

composition, and enthalpy respectively, and in Figures 39

through 44, illustrating radial temperaturee velocity, and

composition profiles at various axial stations° Also shown

on certain of these figures are both theoretical and ex-

perimental data on the mixing of a free Jet°

From the centerline data of Figures 35, 36 and

37, it can be seen that the rapidity of mixing, as evidenced

by the rate of decay of the centerline values of temperature,

velocity and composition, is strongly influenced by the

velocity of the coaxial gas flow, as was indiGated by the

visual studies discussed above. When the coaxial gas flow

was 2.7 ft/sec, mixing was fully accomplished at one inch,

or about three Jet diameters downstream. At a velocity of

0.27 ft/sec, complete LLxln was not accomplished for three



inches, or eight diameters downstream, In the case of

no coaxial flow in the duct, as well as in the unbounded

jet, mixing was still not completed six inches (about 20

diameters) downstream,

In the case of the free jet, as well as in

that for the ducted jet with no coaxial flow (except for

Figure 37, which is discussed below), not only did the

data indicate confirmation of the visual observations,

(i,e,, that the jets remained laminar in the region sur-

veyed by the probe) but there was also rather close agree-

ment with laminar mixing theory, With td_e free laminar

jet it was found that the flow of helium into the Jet was

the dominant mechanism for jet cooling and mixing, and that

the effects of radiation and ionization were negligible.

This experimental resuit, accurately predicted by the

laminar mixing theory, is attributed to helium's high

specific heat and high diffusion coefficients at arcjet

temperatures. Thim mechanism was also experimentally in-

dicated in the coaxial studies, and accounts for the

similarity between the free and ducted cases at 0.27 ft/sec

coaxial flow in the laminar flow region within one or two

diameters (1/2 to 1 inch) of the nozzle exit plane.

Direct similarities in this region between the

free jet (or the no-coaxial-flow ducted case) and _he high-

coaxial-flow case (2.7 ft/sec) were, on the other hand,



not observed, obviously because of the early transition

to turbulence indicated by Figures 32, 35, 36, and 37.

The large difference in helium concentration

data between the no-coaxial-flow ducted case and the others,

as shown in Figures 37, 39, 40, etc., also has a simple

explanation. In this case, the equilibrium concentration

of cold helium in the duct is less than 20 per cent (see

Figures 39, 40, 41} because most of the helium origlnally

present is very swiftly swept out with the argon jet, and

the ambient conditions are therefore substantially different

than for the free Jet or the higher coaxial-flow ducted

cases. On the other hand, helium concentration data for

the 0.27 ft/sec ducted coaxial flow, before turbulence is

initiated, were found to be essentially similar to those

of the free jet case because an ample supply of cold helium

was always available at the jet boundary.

Considerable insight into the mechanism of

mixing is obtained by consideration of enthalpy rather than

temperature decay. Although the various cases differ wldely

in terms of temperature, velocity and species concentration,

a plot of oenteEline enthalpy (Figure 38} indicates that

the baslo miming pros.so Is the same in all cases. In this

figures it is shown that the centerline enthalpy decay

coincides closely for all coaxial gas flowso Thus it is

necessary to conclude that radiation and ionization effects

are negligible, since reference to Figure 35 shows that at



even small distances from the nozzle e the Jet temperatures

differ by many thousands of degrees. For example, at one

inch from the nozzle, the temperatures of .the jets which

were still laminar were about II,000eR, while that of the

turbulent Jet, in which mixing was substantially complete,

was only 1,000eR_ still, the enthalpies at the centerline

were nearly equale Clearly, if radiation and ion recombi-

nation effects were important mechanisms for Jet power

loss0 the hlgher-temperature Jets should show lower

enthalples. Furthermorew if there were substantial dis-

persion of the argon jet, the centerline enthalpy of the

well-mixed case should be substantially less.

The results of Figure 38 therefore indicate that

the principal mechanism for energy transfer (Jet cooling)

is _._e inflow of coaxlal helium rather than either the direct

loss of energy (by radiation or recombination) or the outflow

of argon frogs the core jet.

It may be concluded that while turbulence (of the

degree present in these experiments) substantially increases

the rate of Jet mlxingt the effect of the turbulence is to

ai_ _he inflow of coaxlal helium and not to disperse the

ar_n _et _elf0

C0 Effects of Turbulence

The very largo effect of turbulence on the rate

of miKinge in that an apparently small disturbance can cause

the Jet to lose its initially laminar characteristics, is

a prominent result of the experimental program.



Unfortunately, understanding of turbulent jet

mixing and the factors causing arcjet turbulence, like

all turbulent phenomena, suffers from the fact that present

theories of turbulence are inadequate, and most information

on turbulence is empirical. The general character of the

observed behavior is consistent with other forms of tur-

bulent-flow experience, however, as is indicated by the

summary of results (observed from both the visual and probe

studies) in Table I. In this table, Reynolds numbers more

than one diamI_er downstream are based on the length of the

Jet at the point of observation rather than on the Jet

diameter. The initial Reynolds number (at the nozzle exit)

is based on Jet diameter, and is 450 for all cases.

Table I shows that transition of turbulent flow

did not occur in the free Jet until a Reynolds number of

10,000 was reached, while very small disturbances, such

as convective currents resulting from the simple presence

e

of the duct or from very small coaxial flows, caused

transition at Reynolds numbers of 4,000 and 3,000 respectively.

Furthermore, a coaxial flow of only 2.7 feet per second of

helium produced transition in less than one jet diameter

from _he e_t plane at a Reynolds number of only 450o

*The convective turbulence caused simply by the presence

of the duct was evidenced by visually-observed motion

of dust particles, and has also been observed in com-

bustion experiments where the flow conditions were
similar 22



Effect of Test Conditions on Reynolds Number at Transition

Test Conditions

Free Jet, 1 atm,
no coaxial flow

Ducted Jet, 1 arm,
no coaxial flow

Ducted Jet, 1/5 atm,
no coaxlal flow

Ducted Jet, 1 atm,
0.27 ft/sec
coaxlal He

Ducted jet, 1 arm,

2.7 ft/sec
coaxial He

Approximate
Laminar Jet

Len_gth, Inches

Approximate

Reynolds Number
At Transition

18 I0,000

5 4,000

18 4,000

2 3,000

1/2 450

It should be remarked that only by basing the

Reynolds number on a linear dimensional quantity can transi-

tion data be obtained which are consistent with the general

range in which it is usually observed. Reynolds numbers

based on the Jet diameter remained nearly constant at about

500 for all types of flow observed, and therefore are not

_eful as a _de tO transition predictions.

On the basis of the above results, it is believed

that in any practical propulsion device it would be impossible

to maintain laminar flow for more than a few nozzle diameters.

These devices should therefore be designed to c,l_erate in

the turbulent mode.



D. Variation of Mass Flow in Core Jet

Figures 45 through 47 are profiles of tempera-

ture, velocity, and composition respectively at one inch

downstream from the nozzle exit plane when the argon jet

mass flow was varied from 0.24 to 1.34 g/sec while the

coaxial helium flow was maintained at 0.27 ft/sec. It

can be concluded from the general shape of the profiles

that spreading and mixing were little affectedp although

a wide variation of mass flow was experienced. The plasma

generator efficiency is significantly augmented by increased

mass flows, and this results in the higher temperatures

and velocities observed at the high mass flows. The plots

do not indicate which profiles represent laminar flows and

which represent turbulent flows, but based on vlsual ob-

servations the profiles at the higher mass flows are likely

to be turbulent. It is a tentative concluslon that high

mass flow rates tend to reduce Jet mixing over a given

distance, even though turbulence may be present. This is,

of course, similar to the phenomena observed in more familiar

types of Jets.

B. High Coaxial Flows

Figures 19 through 25, which show profiles of

temperature, velocity, and composition at the exit plane,

and at 5/16", I/2", 1", 2", 3", and 4" downstream respectively

for the free argon Jet exhausting into stagnant helium,
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exhibit good agreement between theory and experiment.

The lack of consistency in the concentration data results

from the unavoidable buildup of argon during the per-

formance of the tests. A composition curve which has been

normalized to the tank reference value of helium concentra-

tion is shown on the composition plots, and agreement

between this curve and the data is good.

The curves of Figure 19 were used as the initial

profiles for the determination of the theoretical high-

coaxial-flow profiles of Figures 26 through 31. The results

of these figures were used to compute the curves of

Figure 48. Figure 48 shows that according to laminar

mixing theory there is essentially no dispersion of the

argon Jet. Therefore, the "Stay time" of the helium in

the neighborhood of the Jet is unimportant, and the dominant

mixing mechanism for high coaxial flows is still the inflow

of helium.

Figures 49 through 51 are experimental profiles

of temperature, velocity, and composition respectively at

an argon flow of .81 g/sac with average coaxial nitrogen

_loolty of 200 Et/Seu. The decay pattern of these curves _

Is qualltatlv@Iy predicted by the theory. The data obtained r_i_'_

from Figures 49 through 51were used to compute the fraction

of argon within the original Jet area at the downstream

positions as shown in Figure 52. Thls figure indicates that
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while turbulence does enhance t/_e dispersion of the argon

jet, substantial amounts of argon remain within the

original jet area at sizeable distances d_instream (approxi-

mately 680 at 3 diameters down,tream). This result confirms

the theoretical Qredlction of Figure 48 in that even with

high turbulent coaxial flows, the dominant mixing mechanism

is still the inflow of the coaxial gas.

The mixing process was much slower for coaxial

flows of nitrogen than for coaxial flows of helitum, even

when the coaxial nitrogen velocities were two orders of

magnitude greater than the coaxial helium velocities. This

behavior results principally from the lower specific heat

(about I/4) and lower diffusion coefficient of the nitrogen

at arcJet temperatures, and partly from the higher argon

mass flow used for the high velocity nitrogen experiments,
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VI. CONCLUSIONS

i. Up to about three Jet diameters downstream

from the nozzle exit plane there is little difference

between the experimental laminar mixing characteristics of

a free jet and a bounded Jet when the coaxial flow of helium

in the duct is sufficient to provide similar ambient helium

concentrations, but not so large as to disturb the laminar

character of the Jet. In this region a theoretical analysis

for a laminar free jet is also applicable to a similar ducted

Jet.

2. Very low velocitles of an initially turbulent

coaxial flow were sufficient to cause transition in an

initially laminar core Jet, and increases in coaxial gas

i

velocities produced earlier transition to turbulence.

3. Mixing of the Jet was very rapid once turbulence

was Jnitiated t and in one case (the highest coaxial helium

velocity tested} complete mixing of the Jet was accomplished

in less than three Jet diameters from the nozzle exit.

4. With increased core-jet mass flow, mixing of

the Jet at three diameters downstream was diminished, even

though the Jet may have become turbulent. This is, of course,

mimilar to the phenomna observed in more familiar types of

Jet..

5. The most significant process in the mixing of

either a free or a ducted laminar argon arcjet was found to
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be the flow of helium into the Jet, the effects of radia-

tion and recombination being negligible. This behavior

results from helium's high specific heat and high diffusion

coefficient at arcjet temperatures.

Similar behavior was noted when the coaxial

gas was nitrogen, except that the effect was not nearly as

pronounced as when the coaxial gas was helium w due to

nitrogen's lower specific heat and diffusion coefficient.

6. The principal effect of turbulence, in the

scale studied, was to cause augmentation of the coaxial

gas inflow rather than dispersion of the Jet.

7. An arcjet Reynolds number based on length

rather than diameter was most useful in correlating the

onset of turbulence, in accordance with conventional laminar

free- jet practice.

8. Owing to the difficulty of obtaining and

maintaining stable laminar Jets, turbulent models should

be used in the design of practical propulsion devices.

9. Laminar mixing theory due to Sherman agreed

well with experiment for the Jet exhausting into stagnant

helium, and pEedlbted reasonable results for cases of

coaw/al helium flows.

10. The results indicate potential feasibility

of the coaxial flow, gaseous-core nuclear rocket conceptp

sinue it was found that the argon arcJet decayed as a result



of inflow of cool coaxial helium ratherthan dispersion

of the argon core, even at high coaxial gas velocities

and under conditions when turbulent mixing was significant.
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C*

Dij
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Rrad

T
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x i

I

X
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z

Specific heat (BTU/Ib-"F)

Effective specific heat (BTU/Ib'°F)

Cold helium mole fraction

Diffusion coefficient (cm2/sec)

Total enthalpy (BTU/Ib)

Ionization energy per ionization (erg)

Boltzmann constant (I,38 x 10-16erg/°K)

Equilibrium constant

Mass flow (g/sec)

Number density (cm'3)

Radient power emitted per unit volume
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radial distance - r*/r nozzle

Ratio of helium to argon atom mass

(also universal gas constant)

Radiative to conductive parameter

Temperature ("K)
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Radial velocity oomponent (ore/see)
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Axial distance (am)
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APPENDIX B

The necessary inputdata for the computerized

data reduction program are the output from the thermal

conductivity cell, probe water thermocouples, gas sample

exit temperature thermocouple, radial position potentio-

meter, probe water flow, and crltical orifice stagnation

These data were obtained in the following

The probe was aligned optically with the left

and right edges of the nozzle to calibrate the radial

potentlometer position indicator. The thermal conductivity

cell readings for pure argon and pure helium (nitrogen

for certain tests) were used to set zero and range on the

recording potentiometer. The 1,000-gallon test tank was

evacuated and filled with the desired atmosphere.

The probe was then placed at the desired axial

position and moved radially through a Series of positions,

eaQh of which constituted a data "point', After passing

through the region of interest the probe was moved to

another axial location and the procedure repeated, During

the tll the gas sample was flowing, recordings were taken

of the thermal aonduetlvlty cell reading, the gas sample

flow rate manometer levels, the probe water differential

temperature, and the probe exit gas temperature, When

the gas sample was shut off for the "tare" reading, the

stagnation pressure manometer indication was also recorded,



The torch readlngs,consisting of coolant ,flow rate and

temperature rise, torch current and voltage, and argon

flow rate, all of which remained constant during the

taking of a "point", were recorded while waiting for the

probe instrumentation to stabilize. The outputs from

the thermal oonductivity cell, probe water thermocouples,

gas sample exit temperature thermocouple, and radial

position pot, nil.meter were recorded on Leeds and Northrop

recording potentiometers in the Guggenheim Laboratories

central recording room. All other data were noted visually

from the control panel in the test cell.

The abovementloned data, along with the bar.-

metrio pressure, were listed on a data sheet from which

I.B.M. punched cards were made. The information was then

processed on an I.B.M. 1620 digital computer. The com-

puter output gave values of temperature, velocity, gas

composition, degree of ionization, mass flow, and Jet power

at each data point.

The computer program contained all the necessary

calibrations to convert the probe output into useful

InEorRatlone From this information the enthalpy at the

pEobe tip was given by
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where z_ 2 Tw was the change in temperature rise of
\,

the probe water for the gas "flow" and "no flow"

conditions. In a plasma with any degree of ionization

the enthalpy is a complex function of temperature and

helium mole fraction (nitrogen will be discussed later).

It is impossible to compute the temperature directly

since the true helium mole fraction in the plasma is

not the same as the value measured in the thermal con-

ductivity cell. The two values are related by

The value of XE is determined, assuming

thermal equilibrium and low ionization fractions, by

use of the Saha equation

De fine

._ _ _ _ _.:,;_

Assuming a perfect gas,
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and

f

Putting in the values for argon glvesz

e

From continuity

Thus

By assuming initial values of T and C

the composition and enthalpy are computed. The computed

values of enthalpy and "cold" (cell reading) helium mole

fraction are coasted to the known experimental values.

Using a Newton-Raphson technique, the actual temperature

and composition are obtained by iterating until computed

an_ e_ezlmmn_al values agree, A flow diagram for the

temperature determination loop is given at the end of ,

this Appendix.

The procedure for determining the temperature

when the secondary gas was nitrogen was essentially the
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same; howeverw several added problems arise. The

secondary gas can now dissociate and ionize, and the

specific heat is now a function of temperature. In

order to simplify the calculations it was assumed that

the nitrogen would not ionize, since only very small

amounts of nitrogen would be found in the regions of

the Jet hot enough to cause any measurable degree of

ionization. This assumption was verified experimentally.

The amount of dissociated nitrogen was de-

retrained from the relatlonst

!

Putting in the values for nitrogen glvess

From oontinuity

where

__ " is the mole fraction of nitrogen as

read by the thermal conductivity cell.



B-6

ThUS s

Since the enthalPY of the sample gas must

be computed theoretically, the enthalpy of the nitrogen

was calculated as followss

CV - Cv translation
+ CV rotation

+ CV vibration

+ C V excitation

3
" T z

c V translation

C V rotation

c V vibration

= R

•.-..o_ .C_;-__
/ _, _ ,,_--/T

where for nltrog en_= 3400"K

Cp = CV ÷ R

where Cv excltatlon

By deflnltion_
T

[ cp iT) aT

JO
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Defining an effective specific heat

T

cp _ !• cp (T% aT2T
?

w

H t C T
P

_p was computed by numercial integration of the above

de fini tions,

Knowing the temperature and composition, the

density was computed using the perfect gas law. Velocity

could then be computed using the Bernoulli equation, since

Math numbers were on the order of 0.I.
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TEMPERATURE LOOP
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